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Abstract 
CONVENIENT is a project where prediction and integrated control are applied on several subsystems with electrified actuators. 
The technologies developed in this project are applied to a long-haul tractor and semi-trailer combination. A Volvo truck meeting 
the Eu6 emission standard is rebuilt with a number of controllable electrified actuators. An e-Horizon system collects information 
about future road topography and speed limits. Controllable aerodynamic wind deflectors reduce the wind drag. The tractor is 
also equipped with a full digital cluster for human machine interface development. 
A primary project goal is to develop a model-based optimal controller that uses predictive information from the e-Horizon system 
in order to minimize fuel consumption. Several energy buffers are controlled in an integrated and optimal way using model 
predictive control. Several buffers are considered, such as the cooling system, the battery, and the vehicle kinetic energy. This 
paper presents details on the model predictive controller of the battery system and of the cooling system. Another project goal is 
to reduce fuel consumption by using adaptive aerodynamics. Controllers are developed that automatically sets an optimal roof 
deflector angle and the optimal side deflector angle. The results presented in this paper are encouraging. A third focus is the 
human machine interface and especially the communication between the driver and the control system during driving. This 
project develops a driver interface that encourages the driver to use the adaptive cruise controller when appropriate.  
The CONVENIENT project will be finalized this year. This paper presents the main project findings. 
© 2016The Authors. Published by Elsevier B.V.. 
Peer-review under responsibility of Road and Bridge Research Institute (IBDiM). 
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1. Introduction 
Truck manufacturers are challenged with increasing demands to improve fuel efficiency. Fuel costs are 
a significant proportion of the total cost for owners of heavy duty long-haul trucks. There is a growing 
understanding in the industry that there has to be a holistic perspective on vehicle control in order to reduce fuel 
consumption. It is not enough to focus on optimizing isolated components or subsystems. 
The ambition of this project is to capture the benefit of holistic solutions for fuel efficiency. Three different 
technology areas are studied: energy management, adaptive aerodynamics and Human Machine Interface (HMI). 
The fuel consumption gain (FC) is shown by simulation. The purpose of the real truck is to solve implementation 
problems, and to prove functionality in a real application. 
 
Energy management through predictive optimal control 
The goal of the project is to explore the potential of predictive optimal control rather than focusing on the 
hardware (HW) setup. A number of technical development steps enable a holistic view on vehicle control in order to 
improve fuel efficiency: 
x Powerful control units and increasingly sophisticated development tools make it possible to use computationally-
-intense control methods. 
x There are an increased number of electrical actuators in the vehicle. This trend is accelerated as the hybrid 
electric powertrain makes its entrance in heavy duty vehicles. Electrification of actuators increases the 
controllability and degree of freedom for the control system. 
x By using technologies such as GPS, camera and radar it is possible to predict the vehicle motion. This knowledge 
makes it possible to fully control and utilize the energy stored in the vehicle. An example is that if the truck is 
approaching the crest where an uphill will change into a downhill, the coolant temperature could temporarily be 
allowed to be higher than the nominal temperature knowing that the heat produced by the engine will drop during 
the descent. 
This paper presents an optimal controller for the cooling system, the battery system, and the predictive speed 
controller using Model Predictive Control (MPC).  
 
Adaptive aerodynamics 
There are several controllable aerodynamic devices on a truck that reduce the aerodynamic drag. Among the ones 
that would be of significant influence to aerodynamics and fuel consumption are: grill shutter or radiator shutter, 
adjustable ground clearance (ride height) by use of air suspension setup, adjustable gap size between tractor and 
trailer, automatically deployed boat tail device, automatically adjusted roof deflector and automatically adjusted side 
deflector. In this project, Volvo has chosen to study: 
x Automatically adjusted roof deflector by means of an actuator and a control loop that optimize its position with 
respect to trailer geometry (height, width, type of cargo etc.). The optimal position is assessed by sensors that 
reflect aerodynamic loading. 
x Automatically adjusted side deflectors by means of an actuator and control strategy that is based on pre-defined 
data indicating the relation between the side wind angle and optimum side deflector position. The side wind angle 
is measured using a yaw wind sensor. 
Human machine interface 
Automation in vehicles is a current trend in the automotive industry. The work on developing enabling 
technologies, e.g. sensors and regulating systems is progressing. The range of automation levels vary from assisted 
to full automation (SAE standard J3016). However, vehicles that are not defined as fully automated require a human 
being either to drive the vehicle and/or to monitor the automation system to various extents. This means that the 
traditional roles and tasks of the driver need to be redefined. It also means that the automotive industry is facing 
a complex challenge to design the HMI between the human and the automated system/vehicle in terms of graphical, 
audio and haptic interfaces. The underlying design principles for safe and efficient HMI need to be revised.  
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This project focuses on the interaction between the adaptive speed controller (Johannesson, Murgovski, Jonasson, 
Hellgren, & Egardt, 2015) denoted eACC1 and the driver. The driver’s understanding of the eACC functions and 
limitations is crucial, and to a great extent is related to the system’s ability to communicate with the driver. This is 
also important for the drivers to feel trust in the system and to gain acceptance which is central in the area of HMI. 
 
Hardware setup 
The technologies developed in this project are applied to a long-haul tractor and semi-trailer combination. 
A Volvo 6×2 tractor, see Figure 1, with a 13 L 460 hp Euro 6 SCR engine is rebuilt with a number of controllable 
electrified actuators such as electrical fans, a radiator shutter, an electrical water pump, an additional generator, 
controllable thermostat and an electrohydraulic power steering servo. The battery is an AGM lead-acid battery. An 
e-Horizon system is used to predict the future road topology. The tractor is equipped with controllable aerodynamic 
wind deflectors; side deflectors and a roof deflector. A full digital cluster is used for HMI development. A dSPACE 
rapid prototype controller is used for control implementation. 
 
 
Fig. 1. The CONVENIENT prototype truck. 
Nomenclature 
ACC Adaptive Cruise Control 
BLB Borås-Landvetter-Borås 
DP Dynamic Programming 
FC Fuel Consumption 
HMI Human Machine Interaction 
HW Hardware 
MPC Model Predictive Control 
QP Quadratic Programming 
SoC State of Charge 
 
 
1 The “e” in eACC has several meanings; efficiency, eco, energy. The eACC is further described in the later chapter Human Machine Interface 
Development. ACC is short for Adaptive Cruise Control, which is a system on Volvo trucks that helps to maintain the distance (in time, e.g. 
3 sec)) to other vehicles in front. 
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2. Model 
Much effort is spent on developing a simulation environment that, with an acceptable accuracy, imitates the parts 
of the vehicle that need to be controlled and analyzed. This model is denoted plant model. 
2.1. Modeling working process 
The plant model serves several purposes. It is used to test and evaluate the controllers that are developed and it is 
used to estimate the FC. The plant model is also used as a reference model when developing less complex models. 
The low complexity model is needed when designing the model based controllers as described later in this paper. 
Since the project scope includes FC estimation and integrated optimal control of several subsystems, the 
consequence is that the plant model becomes complex, at least in the context of control development. The plant 
model used in this project includes the: 
x Thermal system including the water pump, the fan and controllable thermostat. 
x Vehicle dynamics. 
x Electrical system including generators, the battery and the electrical actuators. 
x Air resistance such as radiator shutter and side deflector. 
In a joint collaboration that involves several partners it is a challenge to agree on a common simulation 
environment that suits everyone and does not violate any intellectual property rights. The modeling approach to 
meet these challenges was as follows: 
x The simulation platform for the complete system is Simulink. 
x The simulation tool AVL Boost RT is used for the thermal system modeling and AVL Cruise RT (Simulations 
Tools – avl.com, 2015) for vehicle and driveline dynamics. 
x Export Boost/Cruise models to Simulink. 
x Include sensitive information such as controllers or parameters as black box in Simulink or directly in 
Cruise/boost. 
x Model the electrical system and electrical actuators and the controllers in Simulink. 
This approach has been successful. The plant has been validated by measurement data with good results and the 
plant model is used by all partners on a daily basis. 
2.2. Driving cycle simulations 
A local driving cycle imitating a road nearby the Volvo premise Borås-Landvetter-Borås (BLB) is considered for 
evaluating the FC. The truck gross weight is 40 tons. No driver model is included. Instead, a cruise controller tries to 
follow a set speed. The ambient temperature is 35 °C. One reason for simulating at warm ambient temperature is 
that the influence of the cooling system becomes more pronounced. Another reason testing the cooling system for 
a warmer ambient temperature is to evaluate if the electrical fans are under-dimensioned or not.  
3. Control design 
The control layout is shown in Figure 2. This paper focuses on the Prediction, the Energy Buffer Control, The 
interaction with the HMI and the air deflector control. 
1091 Olof Lindgärde et al. /  Transportation Research Procedia  14 ( 2016 )  1087 – 1096 
Fig. 2. Schematic layout of the controller. 
3.1. Prediction 
In this work the route map and the driver model are used to predict the future speed and load for at least 
200 seconds. According to (Beck, Bollig, & Abel, 2006), the length of 100 to 200 seconds is a reasonable horizon 
for predictive energy management control. Future speed and load are estimated from two factors: 
1. Landscape and road attributes are available from the route map and contain the information of altitude, road 
curvature, speed limits, road signs, traffic lights, sharp turns, etc. The route map and the GPS signal are 
provided by the eHorizon system provided by Continental as a project partner. 
2. Driver behavior and the driver’s response to future road attributes. The controller includes a functionality that 
adapts the prediction depending on the driver behavior. The controller calculates the arrays of future speed and 
load by kinematics, vehicle longitudinal dynamics, Newton’s second law, and the maximal power and torque 
of the test truck. The controller can also learn the driver’s style online by adapting several characteristic 
parameters, including acceleration, deceleration, and the deviation of the actual vehicle speed from the target 
speed. 
The prediction functionality is implemented in Simulink and Embedded Function blocks with the execution rate 
of 1 Hz. Its accuracy has been verified with real vehicle measurement in several R&D projects at the Volvo Group. 
Works on prediction are presented in (Bartholomaeus, 2008) (Müller, Reif, Pandit, Staiger, & Martin, 2004) and 
(Sun, Hu, Moura, & Sun, 2014). 
3.2. Energy buffer control 
Three energy buffers are considered in this project, the thermal system, the battery system and the kinetic energy 
(speed controller). These controllers are developed in an MPC framework where the optimization problem is QP and 
solved by Forces Pro (Domahidi & Jerez, 2014). 
3.2.1. Thermal and battery system control 
About 2–4% of fuel consumption of commercial vehicles is consumed by auxiliaries, including, the cooling 
system, the power steering, etc. (Chiara & Canova, 2013). Among them the engine cooling system is one of the 
main sources of parasitic loads. Thus optimal control of the cooling system using prediction can contribute to the 
fuel efficiency improvement. This project studies the benefits of two predictive optimal control methods on reducing 
the fuel consumption caused by the cooling system. One method is DP and the other is MPC. Relying on the full 
knowledge of the entire drive cycle, the DP method can find the theoretically optimal control strategy offline. The 
MPC method, on the other hand, utilizes the online prediction and computes a suboptimal control strategy online. 
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For vehicle onboard implementation, the MPC method is applicable. The DP method is used as a reference to verify 
the correctness of the MPC method. 
Figure 3 illustrates the schematic of the simplified automotive thermal system, where Te is the coolant 
temperature at the exit of the engine, Tr the coolant temperature at the exit of the radiator. Symbols up, ue, and ur 
represent coolant volumetric flow rates through the pump, the engine, and the radiator, respectively. Symbol ua 
represents the total air mass flow rate through the radiator produced by the radiator fans and the vehicle speed 
together. 
 
Fig. 3. Simplified Schematic of the Truck Cooling System. 
The model of the cooling system is based on papers (Nilsson & Johannesson, 2014) and (Pettersson & Johansson, 
2006). The change rate of the engine temperature is governed by the following equation. 
ሶܶ௘ ൌ ܿଵ ௜ܳ௡ െ ఏ೘௨೛௠ሶ ೝ௖మఏ೘௨೛ା௖య௠ሶ ೝ ሺ ௘ܶ െ ௔ܶሻ  (1) 
where Ta is the ambient temperature, Te is the coolant temperature at the engine outlet, Qin the heat power 
transmitted from the engine to the coolant, Tm the thermostat opening ratio, up the coolant volumetric flow rate 
through the pump, ሶ݉ ௥ the total air mass flow rate through the radiator, and c1, c2, c3 model parameters. 
The coolant pump and radiator fans are driven by electric motors, which draw power from either a 24V battery or 
the alternator. The battery may be recharged by either the engine (consuming fuel) or the vehicle kinetic energy 
through the regenerative brake (called “free energy”). Since the battery can be recharged by free energy, the smart 
usage of the battery current reduces the energy generated by the alternator and consequently reduces the fuel 
consumption. The battery state-of-charge is modeled by the equation 
ߦሶ ൌ ఎ೎ூ್ொ್   (2) 
where [ is the battery SOC, Kc the Columbic efficiency of the battery, Ib the battery current, Qb the battery charge 
capacity. If Ib t 0, the battery is charged, and vice versa. 
3.2.2. Predictive speed control 
The speed controller is active when eACC is on and varies the speed about the nominal speed in order to 
minimize fuel consumption. This is an optimization problem with a number of constraints that is solved repeatedly 
by the controller. Examples of constraints are that the average requested speed over the predictions horizon must not 
be lower than the average nominal speed. Also the requested speed must be within the upper and lower speed 
boundaries set by the driver. The speed controller is described in more detail in (Johannesson, Murgovski, Jonasson, 
Hellgren, & Egardt, 2015). This speed controller is developed for a hybrid driveline. The task in this work has been 
to adapt the speed controller to a conventional driveline.  
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Figure 4 compares the vehicle velocity when running the predictive speed controller (eACC) and constant speed 
controller on the BLB cycle. As expected the constant speed controller aims to follow at the reference speed 
(80 km/h) when possible. Note that at 24 km and at 29 km the uphill is so steep so that the 40 ton truck is not able to 
stay at the reference speed. The variable speed controller uses the prediction information to vary the speed in a fuel 
optimal way within the speed boundaries (± 5 km/h). The controller typically increases the speed prior to the uphill 
in order to avoid gear changes. The controller reduces the speed at the top of the hill in order to allow some free 
rolling and over speed during downhill. The estimated fuel consumption gain of the predictive speed controller is 
presented in Section 4. 
 
Fig. 4. The predictive speed controller (blue line) is compared to a constant speed controller (green line) when driving on the BLB cycle. The 
altitude (red line) is scaled to fit with the figure. 
3.3. Human machine interface development 
In this project the HMI development focuses on the driver's use of the automatic speed control that is developed 
as part of the CONVENIENT control functionality. The automation system in CONVENIENT that interacts with the 
driver is limited to longitudinal control (Level 1, SAE standard). When the automatic speed controller is activated 
the driver is in control of the steering (lateral control), while the system is in control of the longitudinal movements. 
This system is called eACC.  
The main purpose of the CONVENIENT-system is to make driving as fuel efficient as possible. The system is 
designed to predict situations where the system can drive more fuel efficiently than the driver would. Therefore, the 
HMI-strategy is based on functions that encourage the driver to activate, when possible, the eACC. The following 
functions are used to incite the usage of the eACC: 
1. The eACC is based on the same logic as the ACC-function that is already installed in the truck and which the 
driver is already familiar with. This facilitates and lowers the threshold for the driver to the use eACC. 
2. When the system has identified that the system requirements are fulfilled to activate the eACC, this is 
communicated to the driver in a pop-up message in the instrument cluster and with a subtle sound to enhance 
the attention, see Figure 5. In addition, the eACC-button on the steering wheel is lit up. 
3. The eACC is easily activated by pressing the eACC-button on the steering wheel. 
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4. The benefit of using the eACC is communicated to the driver by showing the FC gain in real time for a given 
prediction horizon when using the eACC compared to not using the eACC.  
 
Fig. 5. An example of a graphical interface in the full dynamic cluster. To the right a pop-up message about the fuel saved with the eACC 
activated.  
3.4. Air deflector control 
3.4.1. Side deflector 
The primary objective of the side deflectors is to route the oncoming air around the trailer, and hence avoid air 
hitting the sharp front edges of the trailer, which are associated with accessory drag. For a typical truck with fixed 
side deflectors, the position of the deflectors is a compromise between keeping as slim a profile as possible for 
straight head – on wind conditions, and being able to push the air outside the trailer also for small yaw wind angles. 
Studies made by Volvo show that a potential in reduced fuel consumption may exist if the actual side deflector 
position is only sitting as far outwards as necessary to be able to bridge the tractor-trailer gap for a specific actual 
side wind angle. The implementation on the vehicle will hence necessitate an inclusion of side wind sensor HW.  
Based on simulations a preliminary function is deduced, which will give the optimum side deflector flare angle 
(from nominal position) based on the yaw wind signal obtained from the wind sensor. These simulations agree well 
with the wind tunnel tests carried out at Volvo. It is also found that only the windward side deflector should be 
flared out; the leeward side should be tucked in to nominal position. 
3.4.2. Roof deflector 
The primary objective of the roof deflector is to route the oncoming air over the trailer, and hence avoid air 
hitting the sharp front top edge of the trailer, which is associated with accessory drag.  
Since trailers come in a variety of heights, the roof deflector is normally made adjustable. Normally, the driver 
measures the height difference between the tractor roof and the trailer roof as well as the axial distance between cab 
rear wall and trailer front end. The tractor manual will then depict, through a diagram form, the advised roof 
deflector angle position. This is a process that is often disregarded by the driver since s/he must climb up and 
manually adjust the lever to set the correct height. By skipping this procedure, there is a risk of substantial loss in 
fuel economy. Setting the roof deflector 50 mm too high or low from the optimum can easily mean an increase of  
5–10% in complete vehicle aerodynamic drag, depending on the truck-trailer setup. To overcome this problem, the 
idea is to introduce a control system that can detect when the roof deflector is at a position corresponding to the 
point of lowest aerodynamic drag. This is done using measurements in real-time and correlating to known relations 
to vehicle drag, and setting the roof deflector position accordingly. 
Wind tunnel tests as well as on-road tests have been performed, in which information given by sensors reflects 
the aerodynamic loading on the vehicle, and the roof deflector can be put in an optimum position by a controller and 
an optimization routine.  
4. Results 
In concept development it is desirable to estimate the FC gain of the complete system as early as possible. This is 
a challenging task for several reasons. There are several subsystems that contribute to a reduced FC and the 
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complicated interaction between various subsystems makes it challenging to estimate the total FC gain. Moreover, 
the influence of the optimal controller has to be separated from the influence of the HW changes. This problem is 
tackled as follows: 
1. Compare, with the help of simulations, the FC of the original truck with the CONVENIENT truck when using 
the same baseline controller. This comparison will give an estimation of FC gain caused by the HW changes 
themselves. A PI controller serves as a baseline controller.  
2. Compare the FC of the baseline controller with an MPC controller applied to the same CONVENIENT truck 
model. This comparison will give an estimation of the additional FC gain of using predictive optimal control. 
3. Use other estimation methods for subsystems that are not included in the Cruise/Boost/Simulink model. 
The analysis in the first step shows a fuel saving of about 1.1% for the thermal and battery controller when 
applied the local long haul cycle (BLB). This improvement is due to replacing the mechanical fan and water pump 
with electrical actuators. The electrical actuators benefit from being fully controllable compared to the mechanical 
actuators and they don’t suffer from losses in the mechanical clutch. One drawback of electrical actuators is the 
additional losses in the electrical system. 
Table 1 summarizes the simulation results on fuel consumption and mechanical work of three different 
controllers for the BLB cycle with the vehicle weight of 40 tonnes. As the main result of the CONVENIENT 
project, the MPC controller utilizes online prediction from eHorizon data and finds optimal control command using 
a real-time QP solver. The dynamic programming (DP) controller finds the global optimal solution from the full 
knowledge of the complete drive cycle and nonlinear models of the vehicle. Owing to the large computational 
complexity, the DP controller is not suitable for real applications in the experimental truck. The simple controller is 
a non-predictive PI controller that regulates the engine temperature and the battery SOC at fixed points. It does not 
care energy consumption of the cooling system. 
Table 1. Energy Consumption values for the thermal and battery controller (BLB cycle). 
 MPC DP Simple 
Reduction of total FC [%] 0.47% 0.33% 0 
Reduction of alternator mechanical work [%] 19% 16% 0 
  
The total fuel consumption of the two optimal controllers is indeed less than the simple controller. The reduction 
of the total fuel consumption of the MPC controller is close to 0.5% and the reduction of mechanical work by the 
alternator is 19%. Note that the MPC controller even slightly outperforms the global optimal controller. This is 
because the BLB cycle is so long that the DP computation must decrease the numbers of state and input grid points 
and increase the sampling time step to be solvable on a modest PC. The reduction on computation resolution 
decreases the accuracy of the DP controller. 
Table 2 shows the FC gain using the predictive speed controller eACC. These results are encouraging. But note 
that the reference should not be considered as a CC in production since it does include ecco-roll and since over 
speeding during downhill driving is limited. Table 3 shows the actual average speed. These data are added to prove 
that the reduced FC does not originate from reduced average speed.  
The plant model does not capture the influence the reduced air drag due to improved aerodynamics. CFD 
simulations shows that controlling the side deflector angle can contribute to a fuel saving of about 0.3–1.5%, 
depending partly on the chosen deflector geometry. The potential gain of using a controllable radiator shutter is 
0.3% and a controllable roof deflector is 0–2%, depending on the amount of correction needed to reach optimum 
state. 
Finally, note that the choice of driving cycle and the road topography largely influence the size of the fuel 
savings.  
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Table 2. Fuel consumption gain when using the predictive speed 
controller (BLB cycle). (*) denotes the deviation from the set speed. 
40 ton 0 km/h* ± 2km/h* ± 5 km/h* 
60 km/h 0% -2.6% -6.3% 
80 km/h 0% -2.8% -5.3% 
 
60 ton 0 km/h* ± 2km/h* ± 5 km/h* 
60 km/h 0% -3.3% -6.6% 
80 km/h 0% -3.2% -6.8% 
 
Table 3. Average speed when using the predictive speed controller 
(BLB cycle). (*) denotes the deviation from the set speed. 
40 ton 0 km/h* ± 2km/h* ± 5 km/h* 
60 km/h 59.62 59.73 59.71 
80 km/h 78.41 78.57 78.83 
 
60 ton 0 km/h* ± 2km/h* ± 5 km/h* 
60 km/h 58.67 58.80 58.85 
80 km/h 75.82 76.06 76.15 
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